The objective of this study was to identify the pathway responsible for ventricular remodeling.
Background
Left ventricular hypertrophy (LVH) develops in 15% to 20% of patients with hypertension. LVR is associated with elevated risk of mortality and morbidity independent of other risk factors, and it remains largely unknown in our understanding of how risk factors lead to adaptive changes in ventricular hypertrophy [1] . It has been reported that in hypertensive individuals, hemodynamic burden contributed 10% to 30% of mass variability to LVH, and more and more studies are being focused on the roles of other factors in cardiac hypertrophy pathogenesis [2] [3] [4] . Ventricular remodeling is characterized by changes in function, shape, and size of the heart in response to increased load or cardiac injury, and has a close relationship with the progression and development of heart failure. Numerous risk factors (e.g., neurohumoral activation, hemodynamic load, oxidative stress, nitric oxide production, cytokines, and endothelin) affect the pathogenesis of ventricular remodeling [5] . Dysregulated control of the cell cycle, which is precisely regulated by various biological factors, plays an important part in the pathogenesis of ventricular remodeling [6, 7] . A previous study indicated that dysregulated cell cycle progression of cardiomyocytes played a role in left ventricle remodeling and dysfunction in dilated cardiomyopathy [8] . Another study demonstrated that abnormal proliferation of cardiomyocytes is closely related with early symptomatic postinfarction heart failure and LVR [9] .
Accumulating evidence shows that microRNAs (miRNAs) can serve as potential therapeutic targets and diagnostic biomarkers [10] , but the relationship between heart remodeling and miRNAs has not been identified. A significant association has been identified between heart diseases (e.g., cardiac arrhythmia, myocardial infarction, and cardiac hypertrophy) and miRNAs, indicating that miRNAs participate in the pathogenesis of those medical conditions [11] . A previous miRNA microarray study identified differentially expressed miRNAs between the sample harvested from patients with LVH and normal controls [12] , and several miRNAs that were reported to be differentially expressed (e.g., miR -34a, miR-28, miR-148, and miR-93) were selected as candidate miRNAs for subsequent functional analysis. Furthermore, we found miR-93 is differentially expressed and identified CCND1, which has been reported to be involved in the pathogenesis of LVH as a target of miR-93, and explored the role of miR-93/CCND1 in the development of ventricular remodeling. The objective of this study was to identify the role of miR-93 and its target, CCND1, in the pathogenesis of development of LVH.
Material and Methods

Ethics statement
The study protocol was approved by the Research Ethics Committee of our hospital and written consent was obtained from each participant.
Patient samples
We recruited 18 hypertensive patients with LVH (age 46.45±6.68 and M/F: 11/7) and 22 hypertensive patients without LVH (age 47.39±7.83 and M/F: 17/5) at our hospital. The tip of the right atrial appendage was dissected as part of the general surgical procedure in each patient undergoing valve replacement or open-heart surgery for bypass grafting. The characteristics of the participants are summarized in Table 1 . The samples were frozen in liquid nitrogen immediately after collection. 
Western blot analysis
Cells were washed twice with PBS and lysed in CelLytic™ MT Cell Lysis Reagent and protease inhibitor cocktail (SigmaAldrich, St. Louis, MO) for 15 min on a shaker. After centrifuging at 13 000 rpm for 10 min, the cell lysate was assessed for the protein levels of P-gp and HIPK2. Equal amounts of protein extracts were loaded on 8% SDS-PAGE gels and electrophoresed. After transferring onto nitrocellulose membranes, we blocked the blots with 5% skimmed milk in TBST containing 0.1% Tween-20 for 2 h. Subsequently, the membranes were incubated in anti-CCND1 (Calbiochem, San Diego, CA), and anti-b-actin (Santa Cruz Biotechnology, CA). All primary antibodies were diluted according to the manufacturer's recommendations and the membranes were incubated overnight at 4°C. After washing with TBST, the membranes were incubated for 2 h with horseradish peroxidase (HRP)-conjugated goat antimouse or rabbit secondary antibody (Santa Cruz Biotechnology, CA). Protein expression levels were visualized on enhanced chemiluminescence film (Pierce, USA). The Quantity One software was used to quantify protein band intensities. Each experiment was performed 3 times with consistent results.
RNA isolation and real-time PCR
Total RNA from tissue and culture cells was extracted with Trizol (Invitrogen, CA) according to the manufacturer's protocol. cDNA was synthesized with Super Script III reverse transcriptase, oligo(dT), and random primers (Invitrogen, USA). Real-time PCR was performed for the synthesized cDNA to quantify microRNA-1001 expression using TaqMan fluorescence methods. The relative expression of microRNA-93 and CCND1 mRNA is shown as fold difference relative to glyceraldehyde 3-phosphate dehydrogenase (GAPDH).
Cell proliferation assay
MTT assay was used to estimate cell viability. Briefly, HL-1 cells were transfected with either miR-93 or scramble control. After 24-h transfection, cells were seeded into 96-well plates at 5.0×10 3 cells/ml and cultured for 48 h, then 10 μl MTT reagent (5 mg/ml, Sigma) was added to each well and incubated for 4 h at 37°C. The supernatant was removed and 200 μl DMSO (Invitrogen) was added to dissolve the formazan crystals for 30 min. Spectrometric absorbance at a wavelength of 570 nm was measured using a microplate reader (Spectra Max M5, MD). Cells in the control group were considered 100% viable. Each sample was tested in triplicate and all experiments were performed 3 times.
Luciferase assay CCND1 3'UTR were amplified and subcloned into a pGL3 vector, and the accuracy of the insert was confirmed through direct sequencing. Mutations were introduced into the corresponding position using site-directed mutagenesis. HL-1 cells were cotransfected with the pGL3 vectors containing the 3'-UTR of CCND1 and miR-93 mimics or the miRNA control using Lipofectamine 2000. Luciferase activity was measured 36 h after transfection using the Dual-Luciferase Reporter Assay System (Promega) according to the manufacturer's instructions. The firefly luciferase activity was then normalized to the Renilla luciferase activity. All experiments were performed in triplicate.
Cells culture and transfection
HL-1 cells were purchased from ATCC and cultured in Dulbecco's modified Eagle's medium supplemented with 10% serum. miR-93 mimics and inhibitors and CCND1 siRNA were purchased from Ambion (Austin, TX). Transfection was performed using Lipofectamine 2000.
Cell cycle analysis
Flow cytometry analysis was performed to determine the fraction of G0/G1, S, and G2/M phases of HL-1 cells. Briefly, the cells were transfected with miR-93 mimics or its inhibitor, or CCND1 siRNA, and then harvested by trypsinization. Cold 75% ethanol was used to fix cells overnight at 4°C, followed by washing in PBS 3 times. Next, 10 ul of RNaseA was added and mixed, and then 30 ul of PI (propidium iodide) was added and incubated for 30 min at 37°C, and then loaded onto a flow cytometry device (Beckman Coulter).
Statistical analysis
We used the one-way ANOVA or t test, as appropriate, to evaluate differences of the miRNAs and mRNA expression levels between groups. The Wilcoxon rank test was used to evaluate the difference when the data were not in normal distribution. The data are expressed as mean ± standard deviation (SD). The statistical analysis was performed using SPSS 20.0 version (IBM Inc, Chicago, IL). P<0.05 was considered to be statistically significant.
Results
MiR-93 is downregulated in remodeling myocardium tissue
In this study, remodeling myocardium tissue (n=18) and control myocardium tissue (n=22) were collected prior to our research, and total RNA from these tissue samples was extracted with Trizol (Invitrogen, CA) according to the manufacturer's protocol. We detected the expression of the 4 miRNAs in these 2 groups using real-time PCR, and found only the expression 3983 level of miR-93 was different in the remodeling myocardium tissue, while the others were comparable with control myocardium tissue (Figure 1 ).
CCND1 was virtual target of miR-93
We then searched miRanda for the potential target genes to identify the mediators of miR-93. By screening the candidate genes that came out based on their functions, we identified CCND1 was the candidate target gene of miR-93 in remodeling myocardium tissue with the 'seed sequence' in the 3'UTR ( Figure 2 ). We found that only the expression level of CCND1 mRNA and protein were upregulated in the remodeling myocardium tissue compared to those in control myocardium tissue ( Figure 3 ). To further validate the regulatory relationship between miR-93 and CCND1, we also carried out luciferase activity reporter assay in HL-1 cells by transfecting with miR-93 mimics and wild-type or mutant CCND1 3'UTR. As shown in Figure 4 , only the luciferase activity from the cells cotransfected with miR-93 and wild-type CCND1 3'UTR were significantly suppressed compared with scramble control (Figure 4 ), while cells cotransfected with miR-93 and mutant CCND1 3'UTR had substantially abolished inhibition (Figure 4) . The results confirmed that CCND1 was a validated target of miR-93 in HL-1 cells. To further define the modulatory relationship between miR-93 and CCND1, we then analyzed the correlation between the expression level of miR-93 and CCND1 mRNA in the tissues (n=40), showing a negative regulatory relationship between miR-93 and CCND1 ( Figure 5 ).
Determination of expression patterns of miR-93 and CCND1 in tissues from different groups
To further validate the hypothesis of the negative regulatory relationship between miR-93 and CCND1, we investigated the mRNA/protein expression level of CCND1 of HL-1 cells transfected with scramble control, different concentrations of miR-93 mimics (50 nM and 100 nM), and CCND1 siRNA (100 nM).
As shown in Figure 6 , the CCND1 protein (upper panel) and mRNA expression level (lower panel) of HL-1 cells treated with 50nM miR-93 mimics were clearly lower than the scramble control, and those of the cells treated with 100 nM miR-93 mimics and CCND1 siRNA (100 nM) were even lower than in the 50 nM treatment group, indicating a concentration-dependent effect of miR-93 on the expression of CCND1, and confirming that miR-93 suppressed the expression of CCND1.
MiR-93 and CCND1 interfered with the viability in HL-1 cells
HL-1 cells were transfected with different concentrations of miR-93 mimics and CCND1 siRNA to further investigate the influence of miR-93 on cell behaviors using MTT assay. As shown in Figure 7 , the viability of cells transfected with miR-93 mimics (50 nM) was evidently downregulated ( Figure 7A ) compared with the scramble controls, while cells transfected with miR-93 mimics (100 nM) and CCND1 siRNA (100 nM) showed even lower viability, indicating that miR-93 negatively regulated the viability of HL-1 cells, while CCND1 positively regulated the viability of HL-1 cells.
miR-93 and CCND1 interfered with cells proliferation in HL-1 cells
To investigate the mechanism underlying the effect of miR-93 and CCND1 on cell proliferation, we carried out cell cycle distribution analysis in HL-1 cells using flow cytometry. The data revealed that overexpression of miR-93 slowed the growth of HL-1 cells in G1 phase, with a decrease proportion of G2/M and S phase cells, as shown in Figure 7B . The results show that, compared with the control group, the G1 phase percentage of HL-1 transfected with miR-93 mimics (50 nM), miR-93 mimics (100 nM), and CCND1 siRNA (100 nM) was increased from 80% to 85% (miR-93 mimics [50 nM]), 80% to 89% (miR-93 mimics [100 nM]), and 80% to 88% (CCND1 siRNA [100 nM]), respectively; whereas the cells at the S phase decreased from 15% to 13% (miR-93 mimics [50 nM]), 15% to 9% (miR-93 mimics [100 nM]), and 15% to 10% (CCND1 siRNA [100 nM]); and the population of cells at the G2 phase decreased from 5% to 2% (miR-93 mimics [50nM]), 5% to 2% (miR-93 mimics [100 nM]), and 5% to 2% (CCND1 siRNA [100 nM]), respectively ( Figure  7B ). These data demonstrate that overexpression of miR-93 and CCND1 can suppress the proliferation of HL-1 cells by arresting cell growth in G1 phase.
Discussion
Repression of genes coding proteins that influence cardiac structure and contractility lead to cardiac remodeling in response to stress. As novel remodeling hypotheses cannot explain the basic mechanisms of this disorder, another theory of regulation mediated by stress-responsive miRs is put forward. Since it was first discovered in 1993, the role of miRs in cell apoptosis, proliferation, differentiation, and stress responses has been illustrated. However, the role of miRs in heart failure, LVH, and cardiovascular development remains largely unknown [13, 14] . In this study, we therefore collected remodeling myocardium tissue (n=18) and control myocardium tissue (n=22), and detected the expression of the 4 miRNAs in these 2 groups. We found that only the expression level of miR-93 miR-93 participates in progressions of several carcinomas. MiR-93 has been reported to serve as a suppressor or promoter in different malignancies [15, 16] , but it remains unclear how miR-93 function in LVH pathogenesis. It has been shown that there is lower expression of miR-93 in colorectal carcinoma cell lines and human colon cancer tissue than in that of normal colon tissue [17] . Increased miR-93 expression in colon cancer cells suppresses colon cancer proliferation, migration, and invasion [18] . The Wnt/b-catenin pathway was suppressed by miR-93, which was verified by measuring the expression level of cyclin-D1, c-Myc, axin, and b-catenin in this pathway [19, 20] . A previous expression analysis suggested downregulation of miR-93 occurs in human malignancies. Nonetheless, further investigation is needed to clarify the clear mechanism and functional role miR-93 in colon cancer. Recent research suggests downregulation of miR-93 protein in colon cancer, indicating that miR-93 may serve as a tumor suppressor in the carcinogenesis of these malignancies [21] . To confirm the regulatory relationship between miR-93 and CCND1, we performed luciferase assay and found that only the luciferase activity from the cells cotransfected with miR-93 and wild-type CCND1 3'UTR was decreased significantly (Figure 4 ), while cells cotransfected with miR-93 and mutant CCND1 3'UTR were comparable to scramble control ( Figure 4 ). We then analyzed the correlation between the expression level of miR-93 and CCND1 mRNA among the tissues (n=40). which showed a negative regulatory relationship ( Figure 5 ). These findings further confirm that CCND1 is a direct target of miR-93 in HL-1 cells.
CCND1 is commonly known as a human oncogene involved in overexpression and amplification of CCND1; it has been found in oral squamous cell carcinomas, melanoma, lung cancer, and breast cancer. CCND1 overexpression in the mammary gland promotes mammary adenocarcinoma and hyperplasia and amplification of the same gene in stratified squamous epithelium in the esophagus and tongue promotes dysplasia and proliferation [22] . Over amplification of CCND1 reduces serum dependency, reduces cell size, and shortens the G1 phase duration of rodent fibroblasts [23, 24] . Cyclin Ds (D3, D2, and D1) activate CDK6 and CDK4, and activation of CDK6 or CDK4 phosphorylates Rb family proteins (retinoblastoma protein: p110, p130 and pRb) [25] [26] [27] , leading to release of E2F transcription factors. This results in activation of E2f-responsive genes (e.g., cyclin A and cyclin E), which play an important part in DNA synthesis, which further activates CDK2 to promote phosphorylation of pRb. Rb-associated p107 and p130 are known to be crucial in the proliferation of chondrocytes because p107/p130/double-knockout mice presented retarded maturation of chondrocytes and enhanced proliferation of chondrocytes. Inhibition of Mdm2 and activation of Arf triggered the function of p53 in regulating cell apoptosis and cell cycle arrest [28, 29] . In the process of apoptosis, Puma, Noxa, and Bax regulated by p53 promote the release of cytochrome C from the mitochondria into the cytoplasm [30] . The apoptosis found in K6H/D1H mice was almost totally rescued by the disruption of p53 [31] . Consequently, as an important factor in the cell cycle checkpoint, p53 is likely to promote apoptosis in response to cell cycle changes induced by overexpression of Ccnd1 and Cdk6 in chondrocytes. A viral homolog of cyclin D1, named K cyclin or viral cyclin (v-cyclin), which is encoded by Kaposi's sarcoma-associated herpesvirus (KSHV), is closely related to CDK6 [32] . In this study, we found that HL-1 cells transfected with miR-93 mimics (50 nM) showed evidently downregulated viability ( Figure 7A ) when compared with the scramble controls, while cells transfected with (100 nM) and CCND1 siRNA (100 nM) showed even lower viability, indicating that miR-93 reduced the viability of HL-1 cells, while CCND1 enhanced the viability of HL-1 cells. Simultaneously, we also investigated the relative viability of HL-1 cells when transfected with scramble control, miR-93 mimics (50 nM), miR-93 mimics (100 nM), and CCND1 siRNA (100 nM). Cells transfected with miR-93 mimics (50 nM) showed evidently downregulated viability ( Figure 7A ) when compared with the scramble controls, while cells transfected with (100 nM) and CCND1 siRNA (100 nM) showed even lower viability, indicating that miR-93 reduced the viability of HL-1 cells, while CCND1 enhanced the viability of HL-1 cells.
Conclusions
We found that the downregulation of miR-93 and corresponding upregulation of its direct target gene, CCND1, is responsible for the abnormally enhanced proliferation of cardiomyocytes, and is functionally involved in the pathogenesis of LVH.
